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METTL3-mediated m6A modification of
FDX1 confers resistance to cuproptosis
and promotes hepatocellular carcinoma

progression
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Cuproptosis, a copper-dependent cell death pathway, is emerging as a potential cancer treatment
strategy. N6-methyladenosine (m6A), the predominant eukaryotic RNA modification, regulates
various cell death mechanisms; however, its role in cuproptosis within hepatocellular carcinoma (HCC)
remains unclear. Here, we found that METTL3 expression and m6A modification are upregulated
during cuproptosis in HCC cells. Mechanistically, METTL3 mediated m6A modification of FDX1
mMRNA, whereas the m6A reader FMR1 inhibited FDX1 translation. Consequently, METTL3 conferred
resistance to cuproptosis by suppressing FDX1 protein expression in an m6A-FMR1-dependent
manner. Knockdown or pharmacological inhibition of METTLS3 sensitized HCC cells to elesclomol-Cu-
induced cuproptosis and effectively suppressed HCC xenograft growth in vivo. Clinically, elevated
METTL3 expression was associated with poor HCC prognosis, and the protein expression of METTL3
and FDX1 was negatively correlated in HCC tissues. In conclusion, our findings identify an METTL3-
mediated m6A regulatory mechanism controlling cuproptosis sensitivity, revealing METTL3 inhibition

as a promising therapeutic strategy for HCC.

Hepatocellular carcinoma (HCC) is a prevalent malignancy worldwide,
accounting for more than 90% of all liver cancer cases. HCC typically arises
in the context of cirrhosis, hepatitis B or C virus infection, or nonalcoholic
steatohepatitis'”. Despite recent advances in diagnosis and therapy, patients
with advanced HCC remain resistant to current multikinase inhibitors or
immune checkpoint inhibitors due to the high degree of genetic hetero-
geneity and a lack of specific therapeutically targetable mutations’.
Accordingly, there is an urgent need to understand the underlying mole-
cular mechanisms of HCC and develop effective approaches that address
unmet needs in HCC therapy.

Cuproptosis is an emerging mode of cell death, a modality defined by
Peter Tsvetkov et al. in 2022°. This process occurs through the direct binding
of copper to lipoylated components involved in the tricarboxylic acid (TCA)
cycle, which leads to the aggregation of lipoylated dihydrolipoamide

S-acetyltransferase (DLAT) and the loss of iron-sulfur cluster proteins to
induce proteotoxic stress and ultimately cell death’. Elesclomol is a sig-
nificant copper ionophore that facilitates the transportation of excess
intracellular Cu®" to the mitochondria®. At this location, ferredoxin 1
(FDX1) functions as a reductase, reducing Cu?*" to its more toxic form, Cu™.
As a critical mediator of cuproptosis, FDX1 plays a pivotal role in the
lipoylation of DLAT and the subsequent loss of Fe-S cluster proteins.
Consequently, the loss of FDX1 function can render cells resistant to copper
treatment. Recently, interest in exploiting cuproptosis for cancer therapy has
increased”®. Nevertheless, the molecular drivers of cancer cell evasion of
cuproptosis remain to be elucidated.

N6-methyladenosine (m6A) is the most prevalent RNA modification
in eukaryotic cells*"’. This modification is critical for various aspects of RNA
function, including splicing, maturation, translation, and stability, making it
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essential for gene expression''. The m6A modification is reversible and
catalyzed by corresponding enzymes, known as “writers” (methyl-
transferases), “erasers” (demethylases) and “readers”’. m6A, its regulatory
enzymes, and reader proteins play critical roles in gene regulation. Targeting
the regulatory proteins associated with m6A represents a promising ther-
apeutic strategy for cancer'” . A recent study demonstrated that m6A
modification of LIPT1 inhibits bladder cancer progression by activating
cuproptosis”’. Nevertheless, the precise roles and molecular mechanisms
underlying the m6A modification respond to cuproptosis in HCC remain
unclear. A more comprehensive understanding of the role and underlying
molecular mechanisms of m6A in cuproptosis will provide promising
therapeutic targets for HCC and accelerate the development of HCC
therapies.

In the present study, we found that the cuproptosis process is asso-
ciated with m6A modification and METTL3 expression. Elevated METTL3
expression confers resistance to cuproptosis and protects HCC cells from
cuproptotic cell death. Mechanistically, FDX1 is identified as a downstream
target of METTL3, and FMR1 recognizes the m6A modification of FDX1
mRNA, leading to the inhibition of its translation efficiency. Consequently,
METTL3-mediated m6A modification results in downregulation of FDX1
expression, thereby inhibiting cuproptosis in HCC. Moreover, knockdown
or pharmacological inhibition of METTL3 sensitized HCC cells to
elesclomol-Cu-induced cuproptosis and effectively suppressed HCC
xenograft growth in vivo. In conclusion, these findings demonstrate the
significance of m6A modification as a distinct mechanism regulating
cuproptosis and highlight a potential therapeutic strategy for HCC by tar-
geting METTL3 to enhance cuproptosis.

Results

m6A modification is increased during cuproptosis in HCC cells
Elesclomol is a well-established copper ionophore that functions as a
cuproptosis agonist. To investigate whether cuproptosis is involved in
elesclomol-induced cell death in HCC cells, we first examined the viability of
HCC cells treated with elesclomol and copper at a 1:1 ratio (elesclomol-Cu,
ES-Cu). Hep3B and Huh?7 cells were exposed to a range of concentrations of
elesclomol-Cu for 24 or 48 h, and significant inhibition of cell survival was
observed in a dose-dependent manner (Fig. 1A, B). The results of the 5-
ethynyl-2’-deoxyuridine (EdU) assay also confirmed that the proliferative
capacity of HCC cells was diminished following treatment with elesclomol-
Cu (Fig. 1C, D). Furthermore, cell death induced by elesclomol-Cu was
identified by flow cytometry in Hep3B and Huh?7 cells (Fig. 1E, F). These
results demonstrated that elesclomol-Cu had an adverse effect on cell via-
bility and induced cell death in HCC cells. We subsequently investigated
whether the cell death induced by elesclomol-Cu was attributable to
cuproptosis. Cell death could be prevented by cotreatment with tetra-
thiomolybdate (TTM, a cuproptosis inhibitor), but not with ferrostatin-1
(Fer-1, a ferroptosis inhibitor), 3-methyladenine (3-MA, an autophagy
inhibitor), or Z-VAD-fmk (a caspase inhibitor) (Fig. 1G, H), indicating that
cuproptosis occurs during elesclomol-Cu treatment in HCC cells.

An increasing amount of evidence has revealed that m6A plays a
regulatory role in gene expression, influencing a range of programmed cell
death processes'®. To determine whether m6A modification affects
cuproptosis, we analyzed m6A modification in HCC cells following
elesclomol-Cu treatment. The m6A dot blot assay and EpiQuik m6A RNA
methylation quantification both demonstrated that the m6A modification
levels were elevated in Huh7 and Hep3B cells following treatment with
elesclomol-Cu. Moreover, the increase in the m6A modification level was
reversed by TTM treatment (Fig. 11-]). Together, these results indicate that
elesclomol-Cu-induced cuproptosis is accompanied by increased m6A
modification levels in HCC cells.

METTL3 mediates the upregulation of m6A modification during
cuproptosis

m6A modification is a reversible process, which is added by m6A “writers”;
such as METTL3, METTL14, and WTAP, and removed by “erasers”; such

as FTO and alkB homolog 5 (ALKBH5). To determine the potential causes
of the observed increase in m6A modification in cuproptotic HCC cells, we
analyzed the expression levels of METTL3, METTL14, WTAP, FTO and
ALKBHS5 following elesclomol-Cu treatment. The protein and mRNA levels
of METTL3 were markedly elevated in HCC cells after ES-Cu treatment,
while the other writers and erasers did not exhibit notable alterations
(Fig. 2A-C). Moreover, the increased level of METTL3 was inhibited by
treating HCC cells with TTM (Fig. 2A-C). Additionally, time-course
experiments revealed that METTL3 protein expression and m6A mod-
ification levels increased significantly in a time-dependent manner follow-
ing exposure to cuproptotic stimuli (Supplementary Fig. 1A, B). Since
METTL3 is a pivotal m6A writer, we postulated that elevated levels of
METTL3 might drive the increased m6A modification observed during
HCC cuproptosis. We subsequently designed and synthesized
METTL3 shRNAs to perform loss-of-function experiments. As anticipated,
METTL3 knockdown resulted in a notable reduction in m6A modification
levels in elesclomol-Cu-treated HCC cells (Fig. 2D-F). In conclusion, these
results demonstrated that METTLS3 is responsible for m6A modification
during HCC cuproptosis.

Considering that METTL3 expression is upregulated during cuprop-
totic cell death in HCC, we speculated that METTL3 might promote
cuproptosis in HCC cells. Unexpectedly, METTL3 knockdown enhanced
the growth inhibition, decreased cell proliferation, and intensified ES-Cu-
induced cell death (Fig. 2G-K). These findings suggest that elesclomol-Cu-
induced METTL3 upregulation may constitute a protective mechanism that
confers resistance to cuproptosis in HCC cells.

METTLS3 inhibits FDX1 protein expression via m6A modification
To gain further insight into the molecular mechanism by which METTL3
regulates cuproptosis in HCC cells, RNA sequencing (RNA-Seq) was con-
ducted on METTL3-knockdown and control cells. Unexpectedly, no
cuproptosis-related genes, such as FDX1, LIAS, LIPT1, DLD, DLAT,
PDHALI or PDHB, were identified among these genes (Fig. 3A, B). These
findings indicate that METTL3-mediated m6A modification does not
directly regulate the transcription of cuproptosis-related genes but may act
through a posttranscriptional regulatory pathway. Given that METTL3
knockdown enhances elesclomol-Cu-induced cuproptotic cell death, and
that elesclomol specifically binds to FDX1 and suppresses Fe-S cluster
biosynthesis, we sought to determine whether FDX1 functions as a down-
stream mediator of METTL3 in the regulation of cuproptosis.

A methylated RNA immunoprecipitation (MeRIP)-qPCR assay was
employed to detect m6A modification of FDX1. Our findings revealed that
METTL3 knockdown resulted in a notable reduction in the m6A mod-
ification level of FDX1 mRNA in HCC cells (Fig. 3C), whereas METTL3
overexpression had the opposite effect (Fig. 3D). The m6A modification
sites in FDX1 mRNA were subsequently analyzed using the SRAMP pre-
diction program (www.cuilab.cn/sramp), which identified three potential
m6A modification sites with very high confidence: sites 602 and 655 in the
coding sequence region and site 820 in the 3’-untranslated region (3’-UTR)
of the FDX1 transcript (Fig. 3E). Subsequent MeRIP-qPCR analysis using
specific primers revealed that site 820 was the predominant m6A mod-
ification site in the FDX1 transcript (Fig. 3F). To confirm m6A modification
at site 820, an FDX1-820-Mut plasmid was constructed by mutating 820 A
to T (Fig. 3E). The MeRIP-qPCR results demonstrated that METTL3
overexpression promotes the m6A modification of FDX1-WT but not
FDX1-820-Mut (Fig. 3G). These findings suggest that METTL3 mediates
m6A modification of FDX1 mRNA at site 820.

The effect of METTL3-mediated m6A modification on FDX1
expression was then examined. METTL3 knockdown did not result in
notable alterations in FDX1 mRNA expression in Huh7 and Hep3B cells
(Fig. 3H). However, it led to a considerable increase in FDX1 protein levels
(Fig. 3I). Consistent with these findings, we also observed minimal altera-
tions in FDX1 mRNA levels but a decrease in FDX1 protein levels in cells
with METTL3 overexpression (Fig. 3], K). RNA degradation experiments
confirmed that METTL3 had no effect on the stability of FDX1 mRNA
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Fig. 1 | Increased m6A modification during cuproptosis in HCC cells. Survival
analysis of Huh7 (A) and Hep3B (B) cells treated with the indicated concentrations
of ES-Cu after 24 or 48 h. Proliferation of Huh7 (C) and Hep3B (D) cells treated with
indicated concentrations of ES-Cu for 48 h, assessed by EAU labeling. Scale bars: 200
pm. Cell death rates in Huh7 (E) and Hep3B (F) cells treated with indicated con-
centrations of ES-Cu for 48 h, measured by flow cytometry. Cell death rates in Huh7
(G) and Hep3B (H) cells treated for 48 h with ES-Cu (Huh7: 200 nM; Hep3B:

100 nM) alone or combined with inhibitors: 3-MA (0.2 uM), Ferrostatin-1

(100 nM), Z-VAD (1 uM), or TTM (1 uM), analyzed by flow cytometry. I Dot blot
analysis of m6A modification levels in Huh7 and Hep3B cells treated with ES-Cu or
TTM for 48 h. J Quantification of m6A modification levels using the EpiQuik m6A
RNA Methylation Quantification Kit in cells treated as in (I). Data are presented as

mean + SD. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.
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Fig. 2 | METTL3 mediates m6A upregulation during cuproptosis in HCC cells.
A Western blot analysis of indicated proteins in Huh7 and Hep3B cells treated with
or without ES-Cu (Huh7: 200 nM; Hep3B: 100 nM) and/or TTM (1 uM) for 48 h.
Relative mRNA levels of indicated genes in Huh7 (B) and Hep3B (C) cells treated as
in (A), analyzed by qRT-PCR. D The level of m6A modification was detected by dot
blot. Quantification of m6A modification levels in Huh7 (E) and Hep3B (F) cells,

using the EpiQuik m6A RNA Methylation Quantification Kit. Survival analysis of
Huh7 (G) and Hep3B (H) cells treated with ES-Cu for 48 h. I Proliferation of Huh7
and Hep3B cells treated with ES-Cu for 48 h, assessed by EdU labeling. Scale bars:
200 pm. Cell death rates in Huh7 (J) and Hep3B (K) cells treated with ES-Cu for 48 h,
quantified by flow cytometry. Data are presented as mean + SD. *p < 0.05;

**p < 0.01; ¥**p < 0.001; ns, not significant.
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Fig. 3 | METTL3 inhibits FDX1 protein expression via m6A modification. RNA
sequencing analysis of differentially expressed genes (DEGs) in Huh7 cells expres-
sing indicated shRNAs and treated with ES-Cu (200 nM, 48 h) (fold change >1.5 and
p-value < 0.05). A Volcano plot; B Heatmap of enriched DEGs. C, D MeRIP-qPCR
assay analysis of m6A levels on FDX1 mRNA in the indicated cell lines. E Predicted
m6A motifs in FDX1 mRNA (SRAMP server: http://www.cuilab.cn/sramp). Sche-
matic of the FDX1-820-mut construct is shown. F MeRIP-qPCR assay analysis of
m°A levels at specific sites of FDX1 mRNA in Huh7 cells. G MeRIP-qPCR assay

analysis of m6A levels at site 820 of FDX1 mRNA in Huh?7 cells. H, ] FDX1 mRNA
expression in indicated cell lines, analyzed by QRT-PCR. I, K Western blot analysis of
METTL3 and FDXI1 protein expression in indicated cell lines. L FDX1 mRNA
stability in HCC cells treated with actinomycin D (ActD; 10 pug/mL), assessed by
qRT-PCR. M METTL3-FDX1 mRNA interaction confirmed by RIP-qPCR in Huh7
and Hep3B cells. ES-Cu enhances METTL3-FDX1 mRNA interaction. Data are
presented as mean + SD. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.

(Fig. 3L). Moreover, RIP-qPCR was employed to confirm the interaction
between METTL3 and FDX1 mRNA. These findings demonstrated that ES-
Cu treatment significantly increased the enrichment of FDX1 mRNA in
METTL3 immunoprecipitates, indicating enhanced METTL3-FDX1 RNA
binding upon cuproptosis induction (Fig. 3M). In conclusion, these data
collectively indicate that METTL3-mediated m6A modification negatively
regulates effect on FDX1 protein expression without affecting mRNA
transcription or mRNA stability.

The m6A reader FMR1 represses FDX1 translation in an m6A-
dependent manner

RNA m6A modifications are recognized by m6A-binding proteins
(readers), which play pivotal roles in enabling methylated mRNAs to
perform diverse biological functions. To determine which reader protein
is involved in recognizing the m6A modification of FDX1, an unbiased
expression screen was conducted on the five most common reader
proteins: YITHDFl, YTHDF2, YTHDF3, YTHDCI and YTHDC2.
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cells treated with or without ES-Cu (Huh7: 200 nM; Hep3B: 100 nM). B Relative
mRNA expression of m6A readers in Huh7 and Hep3B cells. C RIP-qPCR analysis
showing no significant interaction between FDX1 mRNA and other m6A readers in
Huh7 and Hep3B cells. D RIP-qPCR confirmation of FMR1-FDX1 mRNA inter-
action in Huh7 and Hep3B cells; ES-Cu enhances this binding. Effect of METTL3

knockdown (E) or METTL3 overexpression (F) on FMR1-FDX1 mRNA interac-
tion, assessed by RIP-qPCR. G RIP-qPCR validation of FMR1 interaction with the
FDX1-WT or FDX1-820 mutant mRNA. H Western blot analysis of FDX1 protein
expression in control and FMR1-knockdown cells. I, J qRT-PCR analysis of FDX1
mRNA expression in control and FMR1-knockdown cells. K Western blot analysis
of indicated proteins in Huh7 and Hep3B cells. Data are presented as mean + SD.
*p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.

Unexpectedly, the protein or mRNA expression of the five readers
exhibited minimal alterations following treatment with elesclomol-Cu
(Fig. 4A, B). Additionally, the results of the RIP-qPCR assays revealed
that there was no considerable interaction between these readers and

FDX1 mRNA (Fig. 4C). Given that METTL3 negatively regulates FDX1
protein expression at the posttranscriptional level without affecting its
mRNA stability, we hypothesized that METTL3-mediated m6A mod-
ification may suppress FDX1 mRNA translation.
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FMRI1 has been identified as a sequence-dependent m6A reader that
colocalizes with m6A on mRNAs and preferentially interacts with m6A-
containing mRNAs in vivo". FMR1 has been reported to stall ribosomal
translocation during elongation as part of a complex containing target
mRNAs and ribosomes, analogous to the function of the Signal Recognition
Particle (SRP)*. We next investigated whether FMRI1 regulates FDX1
expression. First, ES-Cu treatment did not alter FMR1 protein expression
(Supplementary Fig. 2A). Furthermore, neither FMR1 knockdown nor
FMRI1 overexpression significantly affected global m6A abundance (Sup-
plementary Fig. 2B). RIP-qPCR confirmed an interaction between FMRI1
and FDX1 mRNAs, and this binding affinity was enhanced by ES-Cu
treatment (Fig. 4D). Additionally, METTL3 modulated the binding between
FDX1 mRNA and FMRI1 (Fig. 4E, F). Collectively, these data support a
model in which FMRI functions primarily as a reader protein to modulate
the fate of m6A-modified transcripts rather than influencing méA addition
or removal.

As we previously demonstrated that METTL3 methylates FDX1
mRNA at site 820, we employed the FDX1-mut variant to assess the
functional significance of this site for FMR1 binding. As expected, the
FDX1-820-Mut variant disrupted FMR1 binding to FDX1 mRNA (Fig. 4G).
Furthermore, FMR1 knockdown increased FDX1 protein expression
(Fig. 4H), without affecting FDX1 mRNA levels (Fig. 41, J). This finding was
consistent with the established function of FMRI in repressing protein
translation'’. Additionally, FMR1 knockdown partially rescued the down-
regulation of FDX1 protein levels caused by METTL3 overexpression
(Fig. 4K). Collectively, these data indicate that FMR1 suppresses FDX1
translation in an m6A-dependent manner.

METTLS3 confers resistance to cuproptosis by targeting FDX1
Our previous studies demonstrated that METTL3 protects HCC cells from
cuproptotic cell death; thus, we wondered whether METTL3 confers
resistance to cuproptosis by regulating FDX1 expression. METTL3
knockdown resulted in the sensitization of HCC cells to elesclomol-Cu
treatment. Tetrathiomolybdate (TTM), a cuproptosis inhibitor, suppressed
cuproptosis in METTL3-knockdown cells, indicating that METTL3 is
involved in cuproptosis (Fig. 5A, B). Furthermore, cuproptosis induced by
METTL3 knockdown was reversed by FDX1 knockdown (Fig. 5A, B). EAU
assays further confirmed that METTL3 knockdown diminished the pro-
liferation ability of HCC cells, which was rescued by FDX1 knockdown
(Fig. 5C, D). The flow cytometry data corroborated these findings,
demonstrating that FDX1 knockdown attenuated HCC cell death induced
by METTL3 knockdown (Fig. 5E, F). Given that protein lipoylation
represents the key element of cuproptosis, we also evaluated protein
lipoylation using a lipoic acid (LA)-specific antibody, which serves as an
indicator of DLAT lipoylation. The results demonstrated that the reduction
in DLAT lipoylation mediated by METTL3 overexpression was reversed by
the exogenous expression of FDX1 (Fig. 5G). Collectively, these data col-
lectively indicate that METTL3 protects HCC cells from cuproptotic cell
death by targeting FDX1.

Targeting METTL3 enhances the anticancer effects of
elesclomol in HCC

Considering the established link between elesclomol and cuproptosis, the
clinical anticancer potential of elesclomol has attracted renewed attention.
Since our findings suggest that METTL3 confers resistance to cuproptosis,
we further investigated whether METTLS3 affects the anticancer activity of
ES-Cu in vivo. Huh?7 cells overexpressing METTL3 or FDX1 were injected
subcutaneously into BALB/c nude mice, followed by ES-Cu treatment
(10 mg/kg) (Fig. 6A). Tumor growth was markedly inhibited in mice
receiving ES-Cu treatment in the FDX1 overexpressing group, as indicated
by a reduced tumor volume (Fig. 6B, C). Conversely, METTL3 over-
expression significantly attenuated the efficacy of ES-Cu in suppressing
tumor growth, thereby mitigating the effects of FDXI overexpression.
Immunofluorescence staining of tumor sections revealed reduced DLAT
aggregation in the METTL3 overexpressing group and increased DLAT

aggregation in the FDX1 overexpressing group (Fig. 6D). Conversely, the
expression of the cell proliferation marker Ki67 was greater in the METTL3
overexpressing group than in the control group, which was reversed by
FDX1 overexpression (Fig. 6E). These findings indicate that METTL3 plays
a crucial role in determining cuproptosis. Furthermore, the decreased
sensitivity to elesclomol-Cu therapy observed in METTL3-overexpressing
cells was associated with cuproptosis resistance.

Additionally, we investigated whether inhibition of METTL3 could
attenuate the anticancer activity of elesclomol-Cu in tumor xenografts
(Fig. 6F). STM2457, a highly selective METTL3 inhibitor, has been reported
for use in acute leukemia”. We found that STM2457 sensitized cells to
elesclomol-Cu treatment in vivo, as indicated by a reduction in tumor
volume (Fig. 6G, H). Immunofluorescence staining of tumor sections
revealed that STM2457 intensified cell sensitivity to elesclomol-Cu therapy
was associated with increased DLAT aggregation (Fig. 6I). Additionally,
treatment with the METTL3 inhibitor (STM2457) and elesclomol-Cu
reduced Ki67 expression in tumor tissues (Fig. 6]). In conclusion, the pre-
clinical animal studies presented here support the hypothesis that targeting
METTLS3 significantly enhances the anticancer activity of elesclomol-Cu.
The combination of a METTL3 inhibitor with elesclomol-Cu, therefore,
represents a promising candidate therapy for HCC.

METTL3 expression is negatively correlated with FDX1 in
patients with HCC

To evaluate the expression of METTL3 in HCC, we analyzed gene
expression using a web-based tool (GEPIA, Gene Expression Profiling
Interactive Analysis, http://gepia.cancer-pku.cn/)* according to the TCGA
database. The results demonstrated that METTL3 expression was sig-
nificantly elevated in human HCC tissues. Furthermore, elevated METTL3
expression was significantly associated with poor overall and disease-free
survival rates in patients with HCC (Fig. 7A-C). These results were subse-
quently validated in a real-world setting. METTL3 expression was deter-
mined in 48 pairs of HCC and adjacent normal tissues using IHC staining
analysis. METTL3 protein expression was upregulated in HCC tissues
(Fig. 7D) and was negatively correlated with FDX1 expression (Fig. 7E).
Moreover, western blotting confirmed the inverse correlation between
METTL3 and FDX]1 protein expression level in HCC tissues and cell lines
(Fig. 7F, G). Additionally, IHC staining analysis revealed no significant
difference in FMR1 expression between HCC and adjacent normal tissues
(Supplementary Fig. 3A), suggesting that FMR1 may not play a direct role in
regulating HCC progression. Correlation analysis revealed no statistically
significant associations between FMRI1 and either METTL3 or FDXI1
expression levels (Supplementary Fig. 3B). The lipoylation of DLAT is a
well-established marker of cuproptosis; therefore, we evaluated protein
lipoylation using a lipoic acid (LA)-specific antibody, which serves as an
indicator of DLAT lipoylation and cuproptosis”. Correlation analysis
revealed that LA levels were negatively correlated with METTL3 expression
but positively correlated with FDX1 expression. There was no statistically
significant association between LA and FMRI1 expression (Supplementary
Fig. 4A, B).

Taken together, these findings indicate that METTLS3 is upregulated in
HCC and that elevated METTL3 expression predicts poor prognosis in
patients with HCC. These findings, combined with our previous results,
suggest that targeting METTL3 to enhance cuproptosis represents a
potential therapeutic strategy for HCC.

Discussion

Cuproptosis is a specific copper-mediated cell death pathway that differs
from apoptosis, pyroptosis, ferroptosis and necroptosis™. It has been
reported that m6A contributes to the regulation of various forms of cell
death in cancer'*”, but few studies have investigated the function of m6A
modification on cuproptosis in cancer cells. Accordingly, the mechanisms
underlying how m6A affects cuproptosis remain largely unclear. In this
study, we used elesclomol-Cu to treat HCC cells, thereby demonstrating its
capacity to induce cuproptotic cell death. Furthermore, we observed that
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Fig. 5 | METTL3 inhibits cuproptosis by targeting FDX1. Survival analysis of
Huh7 (A) and Hep3B (B) cells expressing indicated shRNAs under different
treatments. Proliferation capacity of Huh7 (C) and Hep3B (D) cells assessed by EdU
assay. Scale bars: 200 um. Cell death rate of Huh7 (E) and Hep3B (F) cells quantified

by flow cytometry. G Representative Western blot analysis of lipoylated DLAT (lipo-
DLAT) expression in control or Flag-METTL3 expressing HCC cells transfected
with or without MYC-FDXI. Data are presented as mean + SD. *p < 0.05;

**p < 0.01; ***p < 0.001; ns, not significant.

elesclomol-Cu increased METTL3 expression and m6A modification in
HCC cells. Therefore, we speculated that METTL3-mediated m6A mod-
ification might be involved in the regulation of cuproptosis.

METTL3, a major RNA N6-adenosine methyltransferase, has been the
subject of extensive investigation in various cancers’”*”, including
HCC™*. Targeting METTL3 represents a promising strategy for cancer
therapy, as evidenced by preclinical studies” ™. For example, a small-
molecule drug known as STM2457 targets METTL3 and has been found to
elicit therapeutic effects in myeloid leukemia®'. Nevertheless, the develop-
ment of METTL3-targeting drugs remains in its early stage. METTL3-
mediated m6A modification has been demonstrated to be involved in the
regulation of ferroptosis™”’. Nevertheless, the precise function and
mechanism of METTL3 in cuproptosis remain largely unknown. This study
demonstrates the critical role of METTL3 in protecting HCC cells from

cuproptotic cell death. Inhibition of METTL3 enhances the antitumor
effects of elesclomol-Cu in HCC.

In this study, we revealed that elesclomol-Cu upregulated METTL3
expression while inducing cuproptosis, although the mechanism involved
remains unclear. Studies have shown that the expression of METTL3 is
regulated through various mechanisms, including transcriptional regula-
tion, posttranscriptional regulation, and posttranslational modifications. In
pancreatic cancer, cigarette smoke condensate induces hypomethylation of
the METTL3 promoter and, subsequently, the recruitment of the tran-
scription factor NFIC to induce METTL3 overexpression™. Additionally,
p300 mediates histone H3 acetylation at lysine 27 (H3K27ac)” and histone
H3 lactylation at lysine 18 (H3K18la)”, which promote METTL3 tran-
scription. MicroRNAs, including miR-33a, miR-186, miR-4429, miR-600,
and let-7g""*, have been proposed to regulate METTL3 by targeting
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METTL3 mRNA. Moreover, posttranslational modifications, including
SUMOylation®, lactylation®, ubiquitination’, and acetylation®, are also
involved in the regulation of METTL3. Therefore, the regulation of
METTLS3 is complex, and the mechanisms by which cuproptosis stress
increases METTL3 expression need further investigation.

FDX1 plays a pivotal role in copper-induced cell death by functioning
asareductase that reduces Cu** to Cu™. Previous studies have demonstrated
that elevated FDX1 expression can diminish HCC cell viability and render
HCC cells susceptible to Cu**, suggesting a correlation between FDX1 and
cuproptosis in HCC®. Moreover, FDX1 downregulation has been
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demonstrated to activate mitophagy and the PI3K/AKT signaling pathway,
thereby promoting HCC progression through the induction of ROS
production®. Nevertheless, systematic experimental studies on FDX1 in
HCC are still lacking. In this study, we identified FDX1 as a downstream
target of METTL3 in HCC, further expanding the understanding of
METTL3’s regulatory targets in hepatocellular carcinoma. A previous study
reported that METTL16, an atypical methyltransferase, promotes cuprop-
tosis through m6A modification of FDX1 mRNA in gastric cancer’.
Researchers discovered that METTL16 facilitates FDX1 accumulation
through m6A modification at site 602 on FDX1 transcripts. However, our
present study revealed that METTL3 mediates the m6A methylation of
FDXI1 at a different site, site 820 on FDX1 transcripts. Moreover, METTL3-
mediated m6A methylation inhibits FDX1 translation in an FMRI-
dependent manner. Therefore, METTL3-mediated m6A modification of
FDXI1 inhibits cuproptosis in HCC. These studies indicate that the impact of
m6A on cuproptosis may be contingent upon the cell type and disease
model. Since m6A modification affects various aspects of RNA, including
splicing, maturation, translation and stability, it can either positively or
negatively regulate gene expression. Consequently, the regulatory effect of
m6A on cuproptosis is multifaceted and complex. At present, the regulatory
effect of m6A on cuproptosis has not been thoroughly studied, and further
investigation is required to elucidate the precise mechanism of mé6A mod-
ification in cuproptosis.

In addition to FDX1, additional METTL3-regulated genes, including
SOCS2%, SLC7A11%, TRIM21°*, EGFR*, and USP7*, are involved in HCC
progression. Thus, targeting METTL3 with small molecule inhibitors
represents a promising therapeutic strategy for HCC. STM2457 is a potent
inhibitor of the catalytic activity of METTL3, that reduces AML growth and
enhances differentiation and apoptosis™. STC-15, the first METTL3 inhi-
bitor in clinical trials™, exhibits preclinical efficacy against tumor growth via
direct anticancer immune effects. However, high intracellular SAM con-
centrations may compromise the biochemical efficacy of METTL3 inhibi-
tors. On the other hand, the oncogenic role of METTL3 can extend beyond
its canonical methyltransferase activity. Proteolysis targeting chimera
(PROTAC) targeting the METTL3/METTL14 complex is emerging as an
emerging modality, addressing the limitations of METTL3 small-molecule
inhibitors. WD6305, a potent and selective PROTAC degrader of the
METTL3-METTL14 complex, suppresses m6A modification and the pro-
liferation of AML cells, and promotes apoptosis more effectively than its
parent inhibitor does™. However, critical questions remain: targeting this
essential m6A machinery raises concerns about potential adverse effects,
and METTL3 contextually functions as a tumor suppressor. Therefore, a
deeper understanding of m6A modification mechanisms in cancer is
imperative.

Although our study offers valuable insights into the regulation of
cuproptosis in HCG, it has several limitations. First, further studies are
warranted to decipher the mechanism by which METTL3 is upregulated in
response to cuproptosis. Second, the efficacy of elesclomol-Cu in combi-
nation with a METTLS3 inhibitor has only been validated in mouse xenograft
tumors. In our future work, patient-derived xenograft (PDX) and patient-
derived organoid (PDO) models will be constructed and used for further
investigation. Third, the potential correlation between cuproptosis and
other types of cell death in HCC has not yet been investigated. For example,
Wang et al. demonstrated that ferroptosis inducers enhance cuproptosis in
primary liver cancer, thereby establishing a close relationship between fer-
roptosis and cuproptosis™. Despite these limitations, our findings shed fresh
light on the mechanisms underlying m6A and cuproptosis, establishing a
foundation for future and more comprehensive investigations.

Our findings illustrate the crucial role of METTL3 in protecting HCC
cells from cuproptotic cell death. Mechanistically, METTL3-mediated m6A
modification of FDX1 inhibits FDX1 translation with the assistance of the
m6A reader FMRI. Consequently, METTL3 inhibited FDX1 expression in
an m6A-FMR1-dependent manner, thereby inhibiting cuprotosis and
promoting HCC progression (Fig. 7H). Our study reveals an METTL3-

mediated defense mechanism against cuproptosis, indicating that targeting
METTL3 in combination with copper ionophores represents a promising
therapeutic strategy for HCC.

Methods and materials

Cells, antibodies and chemicals

Hep3B, Huh7, SMMC-7721, HepG2, and LO2 cells (Preserved in Academy
of Medical Sciences of Zhengzhou University Translational Medicine
platform, Zhengzhou, China) were cultured in the DMEM medium or
MEM medium (Servicebio, China) supplemented with 10% fetal bovine
serum (FBS and 100 U/mL penicillin-streptomycin. Supplemented with
10% fetal bovine serum (FBS, ExCell Bio, Shanghai, China). The following
commercially available antibodies were used for Western blotting: GAPDH
(Proteintech, 60004-4-1g), Flag-Tag (Abmart, TT0053), Myc-Tag (Abmart,
M20002), METTL3 (Proteintech, 15073-1-AP), METTL14 (Abmart,
PC17608), WTAP (Abmart, PA6128), FTO (Abmart, PA2776), ALKBH5
(Proteintech, 16837-1-AP), FDX1 (Abmart, ab108257), FMR1 (Pro-
teintech, 13755-1-AP), DLAT (CST, 12362), YTHDF1 (Abmart,
P55973R5), YTHDEF2 (Abmart, PY100053), YTHDEF3 (Abmart, PS05805),
YTHDCI1(Proteintech, 14392-1-AP), YTHDC2(Proteintech, 27779-1-AP),
Lipoic acid antibody (Abcam, ab58724), m6A antibody (Synaptic Systems,
2002003). Ammonium tetrathiomolybdate (TTM) (Macklin, A828261),
Elesclomol (Selleck, STA-4783), STM2457(Glpbio, GC19771), MitoTracker
Red CMXRos (Thermo Fisher Scientific, M7512), Z-VAD-FMK (MCE,
HY-16658B), 3-Methyladenine (Glpbio, GC10710), Ferrostatin-1 (Glpbio,
GC10380).

Tissue specimens and patient information

48 pairs of fresh-frozen HCC and adjacent normal tissue samples obtained
from patients who underwent hepatectomy at The First Affiliated Hospital
of Zhengzhou University (Zhengzhou, China). All samples were transferred
to liquid nitrogen and stored at —80 °C. All samples were approved by the
Ethics Committee of the First Affiliated Hospital of Zhengzhou University,
and informed consent was obtained from all patients (2024-KY-0327-002).

RNA sequencing

Sequencing service was performed by Wefindbio Biotechnology Co., Ltd.
(Wuhan, China). The experimental process was the same as previously
described. The cells required for sequencing were from the shMETTL3
group and the control group, with three replicates in each group and treated
with elesclomol-Cu for 48 h. Trizol (Takara) reagent was used for RNA
extraction, followed by the purification of poly(A) RNA, which was sub-
sequently utilized for cDNA library construction. All samples were
sequenced on the MGI DNBSEQ-T7 sequencing platform. Differential gene
expression analysis was conducted on two groups using log2FoldChange
values in RNA-seq analysis, with a significance threshold of p < 0.05. The
results were then visually represented using heatmaps and subjected to
GSEA for enrichment analysis.

m6A dot blot

The isolated RNA was diluted to 300 ng/uL and denatured at 95 °C for
3min. 1pL/2uL/3 L of RNA was spotted onto a nylon membrane
(Solarbio, China) and the membrane was crosslinked by UV light for
30 min. The samples were washed with SSC solution (Solarbio, China) for
3 min, then blocked with 1% BSA for 1 h. The membrane was hatched with
m6A antibody (1:1000) overnight at 4 °C. Finally, the membrane was
incubated with diluted secondary anti-rabbit antibody (1:5000) in blocking
buffer for 1 h at room temperature, and the RNA amount was imaged using
ECL chromogenic solution (Epizyme, China).

RNA extraction and quantitative real-time PCR

Trizol reagent (Servicebio, China) was applied to extract total RNA
according to the manufacturer’s instructions, and the NanoDrop 2000c
instrument (Thermo Fisher, USA) was applied for quantifying RNA
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concentration. All-in-One Reverse Transcription Kit (US EVERBRIGHT,
China) was used for the reverse transcription of 1pg total RNA. The
quantitative real-time PCR (qRT-PCR) was performed using SYBR Green
Kit (Yeason, China) and QuantStudio system (Applied Biosystem, USA).
GAPDH was adopted for normalization with the 2—AAct method. The
primers were listed in Supplementary Table 1.

Transfection

Lentivirus constructs were purchased from Genechem (Shanghai, China).
2x 10 cells were cultured in a six-well plate and then transfected with
METTLS3 or FDXI1 overexpression (i.e., METTL3 or FDX1) or knockdown
(ShMETTL3, shFDX1) recombinant lentivirus after 24 h. Subsequently,
cancer cells were cultured in medium containing 2 pg/mL puromycin for
7 days or 500 pg/mL neomycin for 14 days to select stably transfected cells
for the next studies. Huh7 and Hep3B cells (1 x 10°) were cultured in 96-well
plates for 24 h. Then, the cells were incubated with cell medium without FBS
overnight. FMRI in Huh7 and Hep3B cells was silenced by FMR1 siRNA.
The shRNA and siRNA sequences were listed in Supplementary Table 2.

Cell growth assay

Cell growth assay was applied with the CCK-8 kit (US EVERBRIGHT,
China). Briefly, cells were seeded into a 96-well plate overnight and treated
with elesclomol-Cu for 48 h. Then CCK-8 reagents were added to each well,
and the plate was incubated in a humidified incubator (37 °C, 5% CO,) for
1 h. Finally, the absorbance at 450 nm was measured using a microplate
reader (SpectraMax M5, Molecular Devices, USA).

Western blot

HCC cells or tissue lysates were extracted using RIPA lysis buffer (Beyotime
Biotechnology, China) containing 1% protease inhibitor cocktail (CoWin
Biosciences, China) on ice for 30 min. The protein concentration was
quantified using the bicinchoninic acid (BCA) assay kit (Solarbio, China)
and samples were diluted to the same protein concentration. Equal amounts
of proteins were separated by 12.5% or 7.5% sodium dodecyl
sulfate—polyacrylamidegel electrophoresis (SDS-PAGE, US EVERBRIGHT,
China) and then transferred onto polyvinylidene fuoride (PVDF) mem-
branes (Millipore, USA). The membranes were blocked with 5% non-fat
milk for 2 h at room temperature, followed by an overnight incubation with
primary antibodies (1:1000) at 4 °C. The next day, the membranes were
incubated with HRP-conjugated secondary antibodies (1:5000) for 2 h at
room temperature, and an ECL detection system (Amersham Imager 600,
GE, USA) was used for visualization.

EdU assay

EdU assay was completed using EdU Cell Proliferation Image Kit (Red
Fluorescence) in accordance with the instructions on the operation steps
(Uelandy, C6045L). Cells were cultured in the appropriate medium to
ensure that they were in an optimal growth state at the beginning of the
experiment. Next, medium with the correct concentration of EdU was
added to facilitate uptake by the cells undergoing DNA synthesis. The nuclei
were stained with a DNA dye to aid in the identification of EdU-labeled cells.
Finally, the consequences were observed through a fluorescence
microscope.

Cell death assays

Propidium iodide staining and flow cytometry analysis were used to detect
cell death. Cells were seeded in six-well plates at a density of 5 x 10° cells per
well. On the second day, the cells were treated with the indicated com-
pounds, and then viable and floating dead cells were collected. After washing
the cells with PBS, 100 pL of binding buffer was added to each group. Then
each group was stained with 10 puL propidium iodide (PI, Yeason, China)
and reacted at room temperature for 10 min. Finally, 400 uL of binding
buffer was added to each group and analyzed by flow cytometry (Accuri C6,
BD, USA) within 1 h.

RNA immunoprecipitation (RIP)

RIP assay was performed according to the manufacturer’s instructions of
EZ-Magna-RIP kit (Millipore, Billerica, USA). Briefly, cells were lysed by
lysis buffer and 10% of the samples were used as input. Then, cell lysates
were incubated with magnetic bead protein A/G (Santa Cruz Biotechnology,
USA) coated with 6 pg of corresponding antibody overnight at4 °C. Finally,
RN As were extracted by phenolchloroform RNA extraction and purified for
qPCR analysis. IP enrichment was normalized to the input yielded from the
same number of cells.

RNA stability assays

HCC cells were seeded into SIX-well plates and treated with actinomycin
D(ActD:10 pg/mL, Sigma-Aldrich, USA) at 3, and 6h, while DMSO
(Sangon, Shanghai, China) was added to the negative control group at 0 h.
Total RNA was isolated using the phenol-chloroform-ethanol method and
then analyzed using qPCR.

MeRIP-qPCR

The m6A modifications on FDX1 mRNA were determined using the Ribo
MeRIP m6A Transcriptome Profiling Kit (RiboBio, Canton, China). Briefly,
about 50 pg total RNA was extracted and fragmented using RNA frag-
mentation buffer, and 1/20 of the fragmented RNA was preserved as the
input group. Subsequently, 30 uL A/G magnetic beads were prewashed and
mixed with 5 pg of anti-m6A antibody (supplied by the kit). The prepared
MeRIP reaction buffer was added to the beads, and the mixture was incu-
bated at 4 °C for 2 h followed by washing three times. The conjugate was
eluted and purified using the RNA clean & Concentrator™ (Zymo Research,
USA) prior to qPCR analysis as described above, washing three times.
Relative enrichment of m6A was normalized to the input: % (IP/
Input) = 2T PCTPy 1120 x 100.

Immunofluorescence staining

Frozen sections were baked in 37 °C ovens for 10-20 min, fixed in 4%
paraformaldehyde at room temperature for 30 min. After antigen retrieved,
blocked with 3% BSA (PBS) for 30 min. Incubated the samples with primary
antibody DLAT (Servicebio, China), diluted in 3% BSA at a dilution of
1:1000, overnight at 4 °C. Subsequently, the cells were washed three times
with PBS and incubated with fluorescein-labeled secondary antibodies
diluted in PBS for 1 h at room temperature. The slide was placed in PBS and
washed by shaking on the decolorizing shaker for three times, 5 min each
time. Added DAPI dye solution (Servicebio, China) and incubated at room
temperature away from light for 10 min. After anti-fluorescence quenching
sealing tablets, the samples were observed using a confocal microscope
(Nikon Eclipse C1, Japan).

Mice xenograft model
This study received ethical approval from the Animal Protection Committee
of Zhengzhou University. We have complied with all relevant ethical reg-
ulations for animal use. Female BALB/c nude mice (6-8 weeks of age) were
obtained from Jiangsu GemPhaematech and housed in the laboratory
animal research center of Zhengzhou University. Mice were housed in a
specific pathogen-free (SPF) animal facility. The housing conditions were
maintained as follows: temperature at 22+ 2 °C, relative humidity at
50 +10%, and a 12-h light/12-h dark cycle (lights on at 08:00, lights off at
20:00). Each cage (32 cm x 18 cm x 15 cm) housed 3-5 mice of the same sex
to avoid aggression. Autoclaved corncob bedding was replaced twice a week
to ensure hygiene. Sterilized standard rodent chow and filtered tap water
were provided ad libitum. For environmental enrichment, each cage was
equipped with a polyvinyl chloride tube (length: 10 cm, diameter: 3 cm) and
a sterile wooden chew stick to promote physical activity and reduce stress.
For xenograft models, indicated cells (5x 10°) resuspended in PBS/
Matrigel (100 pl, 1:1) were injected subcutaneously into BALB/c nude mice
and treated with intraperitoneal ES-Cu (10 mg/kg) once every 3 days. The
four groups were as follows: Vector group (Vector), METTL3
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overexpression group (OEMETTL3), FDXI1 overexpression group
(OEFDX1), and  METTL3 +FDX1  co-overexpression  group
(OEMETTL3 + OEFDX1), with 5 mice in each group and a total of 20 mice.
Among them, the Vector group (Vector) was the control group. For huh7
xenograft models, Huh7 cells (5 x 10°) were injected subcutaneously into
BALB/c mice. Mice were randomly grouped after tumor formation and
treated with intraperitoneal ES-Cu (10 mg/kg) and/or intraperitoneal
STM2457 (30 mg/kg) once every 3 days. The four groups were as follows:
Control group (Control), STM2457 group (STM2457), ES-Cu group (ES-
Cu), and STM2457 + ES-Cu combined treatment group (STM2457 + ES-
Cu), with 5 mice in each group and a total of 20 mice. Tumor size was
measured using calipers and its volume was estimated using the following
formula: (length x width?)/2. The experiment was terminated when the
maximum tumor volume reached 1500 mm?®. Mice were euthanized at the
end of treatment, followed by tumor excision and tumor weight measure-
ment. The collection and analysis of tumor samples were strictly conducted
in accordance with the double-blind principle to ensure the objectivity and
reliability of the experimental results. Method of random grouping: On the
day of enrollment, the animals were numbered from 1 to 20 in ascending
order of body weight. Then, an online random number generator (www.
random.org) was used to randomly generate 5 numbers for each group. To
minimize potential confounding factors, mice in each group were system-
atically assigned to random locations within the animal facility, all experi-
mental procedures were performed by uniformly trained operators adhering
to strict protocols, and the order of treatments and measurements was fully
randomized. During the group allocation stage and the experiment conduct
stage, the animal experiment operators were aware of the group allocation.
During the outcome assessment stage and the data analysis stage, the per-
sonnel responsible for data analysis were unaware of the group allocation.
The experimental unit was a single mouse. The sample size was 5 mice per
group (n = 5), which was decided from previous literature. The total number
of mice used in this study was 40. No sample or animal was excluded.

Immunohistochemistry (IHC) staining

Tissues were fixed in 4% paraformaldehyde and embedded in paraffin
(Servicebio, China). The tissues were dehydrated, antigen repaired, endo-
genous peroxidase blocked and sealed, then they were incubated with the
corresponding primary antibody (METTL3, 1:150; FDXI1, 1:50) at 4 °C
overnight. After incubated the tissues with the secondary antibody (1:500)
on the second day, the immunohistochemical staining was visualized with
diaminobenzidine and hematoxylin (Servicebio, China) counterstain. The
protein expression intensity and extent were microscopically determined
using the histochemical scoring system (H-score), which is calculated as the
sum of the products obtained by multiplying the staining intensity (0, no
reactivity; 1, weak; 2, moderate; 3, strong) with the percentage of cells stained
at a given intensity (0 to 100). Thus, the score is between 0 and 300.

Bioinformatic analysis

The impact of METTL3 on HCC prognosis was analyzed using web-based
tools (GEPIA, Gene Expression Profiling Interactive Analysis, http://gepia.
cancer-pku.cn), according to The Cancer Genome Atlas (TCGA) database.

Statistics

All statistical analysis was performed and visualized using GraphPad Prism
8.0 software. Data were presented as mean + standard deviation (SD) of >3
independent experiments. Student’s ¢ test was used for comparisons
between two groups, whereas one-way analysis of variance (ANOVA) was
employed for analyses involving more than two groups. x2 test was used to
analyze categorical variables. Kaplan-Meier curves were used for survival
analysis. Statistical significance was considered as p-value < 0.05.

Ethics approval

This study was approved by the ethics committee at the First Affiliated
Hospital of Zhengzhou University (2024-KY-0327-002). All ethical reg-
ulations relevant to human research participants were followed. All animal

experiments are conducted with the approval of the Committee on the
Ethics of Animal Experiments of Zhengzhou University. We have complied
with all relevant ethical regulations for animal use.

Data availability

The raw sequencing data generated in this study have been deposited in the
Sequence Read Archive (SRA) database of the National Center for Bio-
technology Information (NCBI) under the BioProject accession number
PRJNA1380487. The data are publicly available upon publication.
Uncropped Western blot images are provided in Supplementary Fig. 5,
attached as Supporting Information to this manuscript. The data supporting
the conclusions of this article are included within the article and its addi-
tional files. The source data can be found in the Supplementary Data. Other
data will be made available from the corresponding author upon reasonable
request.
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